To better understand the relationship between the endocrine and exocrine cell types in the Xenopus pancreas, we have cloned the Xenopus amylase cDNA and compared its expression profile with that of four other pancreatic markers: insulin, glucagon, elastase and trypsinogen. Our results demonstrate that the first pancreatic marker to be expressed is insulin, exclusively in the dorsal pancreas. These insulin-expressing cells form small groups which resemble islets, but no insulin is detected in the ventral pancreas until stage 47. In contrast, the exocrine markers, amylase, elastase and trypsinogen are first expressed only in the ventral pancreas beginning at stage 41; by stage 45 their expression extends into the dorsal pancreas. Glucagon, on the other hand, is not expressed in the pancreas until stage 45. In the endocrine cell clusters we do not find glucagon-expressing cells surrounding insulin-expressing cells, either in the tadpole or in the mature frog pancreas. q
Results
The pancreas is made up of both endocrine and exocrine cells (Slack, 1995) . Endocrine cells secrete hormones into the bloodstream and are composed of four main cell types: a, b, d and PP cells that secrete Glucagon, Insulin, Somatostatin and Pancreatic Polypeptide, respectively. Exocrine cells secrete numerous digestive enzymes into the intestine including Amylase, Elastase, Trypsinogen and Carboxypeptidase A. In mammals, the organization of the pancreas is set up so that the exocrine cells are grouped into acini that make up the majority of the pancreas, while the endocrine cells are grouped into islets, with a and d cells surrounding b cells.
Much effort has been put into understanding the development and organization of the pancreas in mammals, while less is known about the development of the pancreas in amphibians. There have been a few reports recently examining the expression of both endocrine and exocrine markers in the Xenopus pancreas (Beck and Slack, 1999; Kelly and Melton, 2000; Lozano et al., 1999; Maake et al., 1998) . While these reports have shed some light on pancreas development in Xenopus, they have not examined the timing of expression of pancreatic markers in great detail. In an effort to better understand the development of the pancreas in Xenopus, we have cloned the Xenopus amylase and elastase cDNAs and compared their spatial and temporal expressions with insulin (Shuldiner et al., 1989) , glucagon (Irwin et al., 1997) and trypsinogen (Shi and Brown, 1990 ).
Exocrine markers
We used degenerate polymerase chain reaction (PCR) to isolate the Xenopus amylase cDNA. PCR primers were designed to amino acids found in most Amylase proteins: PWWERYQ and CGNDWY. The resulting 1 kb PCR fragment was cloned into pCR Script and sequenced on both strands. The Xenopus Amylase protein is 80% identical to the human, mouse and rat pancreatic Amylase proteins (Fig. 1) . Xenopus elastase cDNA is an IMAGE clone (ID # 4173391) obtained from the UK HGMP Resource centre after a random search of the Xenopus spleen library in Unigene. The Xenopus elastase cDNA clone was sequenced on both strands and is 960 bp long encoding a predicted open reading frame (ORF) of 264 amino acids. The Xenopus Elastase protein is 70% identical to the rat and human pancreatic Elastase I proteins (data not shown). The GenBank accession numbers for Xenopus amylase and elastase are AF468647 and AF468646, respectively.
Amylase mRNA is first detected at stage 41 only within the ventral pancreas ( Fig. 2A arrow) . By stages 42-44, expression begins to spread from the ventral pancreas to (02)00019-9 www.elsevier.com/locate/modo the dorsal pancreas ( Fig. 2B ), but expression of amylase throughout both the dorsal and ventral pancreas is not seen until stage 45 (Fig. 2C) . In later stages, expression continues throughout both the dorsal and ventral pancreas as seen at stage 45 (data not shown).
In agreement with the temporal and spatial expression of amylase, we find that both elastase and trypsinogen mRNAs are first expressed at stage 41 solely in the ventral pancreas ( Fig. 2D ,G). Shortly thereafter, their expression extends to the dorsal pancreas (Fig. 2E,H) , such that by stage 45 elastase and trypsinogen are detected throughout both the dorsal and ventral pancreas (Fig. 2F,I ). 
Endocrine markers
Insulin mRNA is first detected at stage 32 in the dorsal pancreas just below the notochord near the pronephros in agreement with that reported by Kelly and Melton (data not shown). By stage 41 insulin mRNA expression is only detected in one-half of the dorsal pancreas (Fig. 3A,  arrow) . At stages 42-44, the number of cells expressing insulin increases, but expression is still only seen in one half of the dorsal pancreas (Fig. 3B) . By stage 45, discrete groups of insulin expressing cells are detected (Fig. 3C) . It is only after stage 47 that insulin expression extends to the ventral pancreas as well (Fig. 3D, arrow) . These groups of insulin-expressing cells are much smaller than those in the dorsal pancreas.
To further examine the relationship between the various groups of insulin-expressing cells, we serially sectioned several pancreases that had been stained previously for insulin. While following the staining pattern, we found that there were two colors of insulin staining -a lighter blue and a darker blue (Fig. 4A,D-F) . The darker blue color came from the isolated groups of insulin-expressing cells, while the lighter blue color came from those cells that connect the various groups (Fig. 4D-F, arrowhead) . We also found that the groups of insulin-expressing cells formed a circle surrounding a hollow center (Fig. 4F, arrow) . These interconnections among the various groups could either represent a tubular network of b cells or actively migrating b cells.
Glucagon expression is first detected at stage 41 scattered within the stomach (Fig. 3E) . By stages 42-44, expression has spread to the intestine as well (Fig. 3F) . In contrast to the other pancreatic markers, glucagon is not detected within the pancreas until stage 45 (Fig. 3G) . At this stage, small groups of glucagon-expressing cells are seen in the dorsal pancreas and only around the periphery of the pancreas (Fig. 4C) . At later stages 47-48, more groups of cells express glucagon both in the dorsal and ventral pancreas, but these groups of cells remain the same size (Fig. 3H) . Expression within the stomach and intestine persists to these late stages.
To further understand the relationship between the a and b cells, we compared the expression patterns of glucagon and insulin using double in situ hybridization. In contrast to the previous reports in Xenopus and those found in mammals, the endocrine cell clusters do not have a central group of b cells surrounded by a cells (Fig. 4B) . In contrast insulin-expressing cells and glucagon-expressing cells form discrete groups of cells that may occasionally reside near each other.
In mammals, mature islets do not appear in the pancreas until just before birth. To determine the situation in Xenopus, we compared the expression patterns of both insulin and glucagon in pancreases from late tadpoles at stage 54 and in froglets after metamorphosis (Fig. 4G-I) . At stage 54, the a and b cells form discrete groups with the glucagonexpressing cells located on the periphery and the insulinexpressing cells located throughout the pancreas (Fig. 4G-I ). Occasionally, insulin-expressing cells are located near glucagon-expressing cells, but more often than not they are separate. Furthermore, the insulin-expressing cells form larger groups with many cells as compared to the glucagon-expressing cells. In the mature froglet pancreas, we see a similar arrangement of endocrine cells: a cells are located at the periphery in small groups, while b cells are located throughout the entire pancreas in larger groups (Fig.  4H,I ). At no time do we find a cells surrounding the large groups of b cells as seen in the islets of Langerhans of the mature mammalian pancreas.
In conclusion, our results demonstrate that endocrine and exocrine cells exhibit different spatial and temporal development within the Xenopus pancreas. Insulin is the first hormone detected at stage 35, but only within the dorsal pancreas. In contrast, the exocrine markers amylase, elas- tase and trypsinogen are first detected at stage 41 and only in the ventral pancreas. By stage 45, the exocrine markers are expressed throughout the pancreas. The endocrine markers, on the other hand, are only expressed throughout the entire pancreas beginning at stage 47. In contrast to previous reports, we find no evidence for the existence of classical islets with a cells surrounding b cells in Xenopus either in tadpoles or mature froglets (Kelly and Melton, 2000; Maake et al., 1998 ). These results demonstrate that pancreatic development in Xenopus is both similar and different from that seen in other animals and thus presents a good model system with which to study pancreatic development.
